Abstract To identify the genes controlling plasma concentrations of triglycerides (TGs), FFAs, and glucose, we carried out a quantitative trait loci (QTL) analysis of the closely related mouse strains New Zealand Black (NZB/ B1NJ) and New Zealand White (NZW/LacJ), which share 63% of their genomes. The NZB 3 NZW F 2 progeny were genotyped and phenotyped to detect QTL, and then comparative genomics, bioinformatics, and sequencing were used to narrow the QTL and reduce the number of candidate genes. Triglyceride concentrations were linked to loci on chromosomes (Chr) 4, 7, 8, 10, and 18. FFA concentrations were affected by a significant locus on Chr 4, a suggestive locus on Chr 16, and two interacting loci on Chr 2 and 15. Plasma glucose concentrations were affected by QTL on Chr 2, 4, 7, 8, 10, 15, 17, and 18 . Comparative genomics narrowed the QTL by 31% to 86%; haplotype analysis was usually able to further narrow it by 80%. We suggest several candidate genes: Gba2 on Chr 4, Irs2 on Chr 8, and Ppargc1b on Chr 18 for TG; A2bp1 on Chr 16 for FFA; and G6pc2 on Chr 2 and Timp3 on Chr 10 for glucose. During lipolysis, triglycerides (TGs) are broken down into FFAs and glycerol by the lipolytic enzymes (1). Several lines of evidence have shown the association of plasma FFA with the development of insulin resistance and type 2 diabetes (2). First, elevated FFA could alter glucose metabolism by affecting access to insulin-sensitive cells (adipose and muscle), as well as by reducing glucose transport into muscle (3). Second, chronically elevated FFA may also impair insulin secretory function through toxic effects on pancreatic b-cells, as predicted by the "lipotoxicity hypothesis" (4). Finally, increased flux of FFA into the liver, particularly from lipolysis of visceral adipose depots, may lead to excessive endogenous glucose production (5).
During lipolysis, triglycerides (TGs) are broken down into FFAs and glycerol by the lipolytic enzymes (1) . Several lines of evidence have shown the association of plasma FFA with the development of insulin resistance and type 2 diabetes (2) . First, elevated FFA could alter glucose metabolism by affecting access to insulin-sensitive cells (adipose and muscle), as well as by reducing glucose transport into muscle (3) . Second, chronically elevated FFA may also impair insulin secretory function through toxic effects on pancreatic b-cells, as predicted by the "lipotoxicity hypothesis" (4) . Finally, increased flux of FFA into the liver, particularly from lipolysis of visceral adipose depots, may lead to excessive endogenous glucose production (5) .
The levels of plasma lipids and glucose are partially genetically determined, and these determinants involve multiple genes (6, 7) . Because of inherent difficulties in carrying out linkage analyses for complex traits in humans, inbred strains of mice have been used as a powerful tool for identifying quantitative trait loci (QTL) that contribute to variations in circulating levels of lipids and glucose (7) (8) (9) . Studies in mice not only have revealed a large number of QTL that regulate lipid levels but also have shown that there is a high degree of concordance with human QTL that regulate the same traits (7) . However, only a few QTL genes that regulate lipids or glucose have so far been identified.
Usually one chooses to intercross mouse strains that maximize the difference in both phenotype and genotype. However, the advent of thousands of single-nucleotide polymorphisms (SNPs) has enhanced the ability to genotypically distinguish even closely related strains. By intercrossing closely related strains that nevertheless differ in phenotype, one might enhance the probability of finding QTL and even causative genes, because the complexity of the system is reduced. For this reason, we crossed the closely related strains NZB/B1NJ (NZB) and NZW/LacJ (NZW), which differ in plasma TG, FFA, and glucose. The similar genome of these two strains facilitates the finding of QTL genes because such genes are likely to be located only in the regions polymorphic between the two strains. We report the detection of several QTL and suggest several candidate genes after narrowing the QTL by comparative genomics, haplotype analysis, and sequencing.
MATERIALS AND METHODS

Animals and diets
NZB 3 NZW F 1 mice were obtained from The Jackson Laboratory (Bar Harbor, ME) and mated to produce 264 F 2 progeny. Mice were maintained in a temperature-and humidity-controlled environment with a 14 h light/10 h dark cycle and given unrestricted access to food and acidified water. Weanling mice were fed standard chow containing 19% protein and 6% fat (LabDiets, 5K52, St. Louis, MO) until they were 8 weeks old, and then they were fed an atherogenic diet containing 50 kcal% glucose and 32 kcal% fat (30 kcal% butter fat and 2 kcal% corn oil), 1% (w/w) cholesterol, and 0.5% cholic acid as described previously (10) until they were euthanized at 16 weeks of age. This study was conducted in conformity with the Public Health Service Policy on Humane Care and Use of Laboratory Animals. Experiments were reviewed and approved by the Institutional Animal Care and Use Committee of The Jackson Laboratory.
Measuring plasma TG, FFA, and glucose
Blood samples were obtained from chow-fed mice at 8 weeks of age and from the atherogenic diet-fed mice at 16 weeks of age. Animals were fasted for 4 h in the morning. Blood from the retroorbital sinus was collected in tubes containing EDTA and was centrifuged at 9,000 rpm for 5 min. Plasma was frozen at 220°C until analyzed. We measured plasma FFA, glucose, and TG concentrations within a week of collection using an enzymatic reagent kit (Beckman Coulter, Fullerton, CA) according to the manufacturerʼs recommendations on the Synchron CX Delta System (Beckman Coulter).
Genotyping
We digested mouse tail tips using proteinase K and isolated DNA using phenol-chloroform. The DNAs were resuspended in 10 mM Tris HCl (pH 8.0). To genotype F 2 progeny, we used 147 SNPs spaced approximately 20 Mb apart that discriminated between NZB and NZW. SNPs were genotyped by the Allele-Typing Service at the Jackson Laboratory in conjunction with KBiosciences (Hoddesdon, UK). Reported genetic map positions were retrieved from the Mouse Genome Database (http://informaticsjaxorg).
Determining the similarity of strains NZB and NZW
To determine the percentage of genome that was shared by strains NZB and NZW, we used a total of 7,870,134 SNPs derived from Perlegen (http://mouse.perlegen.com/mouse) and Broad (http://www.broad.mit.edu/snp/mouse/). We inferred the haplotype and imputed the missing data using software written in C (11). We implemented a hidden Markov model to identify the regions where the mouse genome displays a haplotype block structure, to assign individual strains to local dominant haplotypes, and to infer the genotypes of missing SNP alleles. Within each inferred block, strains were grouped by the inferred local haplotype states. This was done for a large set of strains, and the number of distinct haplotypes at any one genomic location ranged from two to five. The percentage of SNPs located in identical haplotype blocks was used to calculate the similarity of the NZB and NZW genomes.
QTL analysis
TG and FFA data were log-transformed to obtain a normal distribution, but glucose exhibited a normal distribution and was not transformed. QTL analysis was performed by using R/ qtl (version 1.07-12, available at http://www.rqtl.org) and Pseudomarker (version 2.03, available at http://www.jax.org/staff/ churchill/labsite) software packages. A three-step QTL analysis was conducted to search for main effects and pair-wise gene interactions and then to integrate all of the main and interacting QTL phenotype associations into a multiple regression. In single-locus scans, the sex was first included as an additive covariate in the genome scan to account for overall differences in phenotypes between the sexes. A second set of scans included an interaction between sex and the putative QTL at each locus to identify sex-specific QTL. The difference in LOD scores (DLOD) between these two scans constitutes a test for sex-specific effects. We applied a significance threshold of LOD . 2.0 corresponding to P , 0.01, based on the 2 degree of freedom x 2 distribution of the log likelihood ratio, for QTL-by-sex interactions (12) . QTL were deemed significant if they either met or exceeded the 95% genome-wide adjusted threshold, which was assessed by 1,000-permutation analysis for each trait; they were deemed suggestive if they either met or exceeded the 37% genome-wide adjusted threshold but were not significant. QTL confidence intervals were calculated according to posterior probability (13) . Simultaneous pair-wise genome scans were performed to search for pairs of interacting loci (13) . This method examines all pairs of marker loci for association with trait levels in a twodimensional genome scan. In the regression analysis, we combined all significant and suggestive QTL and interactions in a multiple regression model. Terms that did not meet the nominal 0.01 level in the regression were eliminated in a backward stepwise manner with the exception that main-effect terms involved in a significant interaction were retained. Final models were reported for each trait.
Statistical analysis
One-way ANOVA was used for determining whether the mean phenotype values of progeny with different genotypes at a specific marker were significantly different. Linear regression analysis was performed to assess the association of various traits. Differences were considered statistically significant at P , 0.05. Data were analyzed using Graphpad Prism (Windows v5.00; GraphPad Software, San Diego, CA).
Comparative genomics and haplotype analysis
Homologous chromosomal regions between mouse and human were found at http://www.informatics.jax.org/reports/ homologymap/mouse_human.shtml. When human and mouse QTL were located in the homologous locations, we assumed they were caused by the same gene and reduced the mouse QTL region to that homologous to the human QTL. If a confidence interval was not provided in the original report, we used a 1-logarithm of the odds ratio (1-LOD) score drop from the QTL peak; if no chromosome LOD score plot was provided, we used a confidence interval of 20 Mb on either side of the reported peak.
The reduced region from comparative genomics was further restricted by haplotype analysis (14) . In the first step, we examined a dense SNP map and excluded those genomic regions within the QTL where NZB and NZW had an identical SNP pattern. Such regions are likely to be identical by descent (IBD) and do not contain ancestral polymorphisms. This step assumes that the mutation causing the QTL is ancestral rather than recent. Such an assumption is correct most of the time with two strains, and when a different pair of strains have found the same QTL, it is almost certain that the mutation is ancestral. The second step of haplotype analysis compares haplotypes of additional strains if the QTL has been found previously in a cross with different strains. This step assumes that QTL found in the same location in different crosses are nevertheless caused by the same QTL gene. The haplotype analysis was performed by using SNPs of all the strains that were parents of the QTL crosses in current and previous studies. We found those regions where the strains carrying the allele that increased the trait were identical but differed from the strains carrying the allele that decreased the trait. For example, for glucose QTL on chromosome (Chr) 2, we searched the SNPs in regions where the high-allele strains BKS and NZB had identical SNPs, low-allele strains C3H and NZW had identical SNPs, and these SNPs differed between the high and low alleles. SNPs were downloaded from the Mouse Phenome Database (www.phenome.org).
Candidate gene analysis
Gene lists for each QTL were extracted from Ensembl (www. ensembl.org). Those genes that mapped to the regions where the haplotypes were shared among the strains carrying the allele for increased phenotype but different from the strains carrying the allele for decreased phenotype were added to the list of positional candidate genes.
Sequencing
The genomic sequences of Gba2 (ENSMUST00000030189), Ppargc1b (ENSMUSG00000033871), and Timp3 (ENSMUSG-00000020044) were obtained from the Ensembl (http://www. ensembl.org) mouse genome assembly, and primers were designed to amplify each exon plus at least 50 nucleotides of the adjacent introns. (For primer pairs used for standard PCR, see supplementary Table I .) Purified PCR products were subjected to thermocycle sequencing on capillary-based machines by the Jackson Laboratory DNA Sequence Laboratory. The sequence was analyzed using Sequencher software (version 4.1.4, GeneCodes Technology, Ann Arbor, MI).
Timp3 expression examined by real-time PCR
Total RNA was extracted from five NZB and five NZW male mice by using TRIzol® (Gibco BRL; Burlington, ON) following the manufacturerʼs instructions. The RNA was quantified with NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies; Wilmington, DE). The RNA quality was assessed with a 2100 Bioanalyzer instrument using RNA Nano Chips (Agilent Technologies; Santa Clara, CA). Two micrograms of total RNA was primed with random hexamers to synthesize cDNA in a total volume of 20 ml using the Omniscript RT Kit (QIAGEN; Valencia, CA). cDNA samples were mixed with SYBR Green Master Mix (Applied Biosystems; Foster City, CA) and gene-specific primers in a total volume of 25 ml. The primer pairs are: Timp3 forward 5′-TTGAAGAAAAGAGCGGCAGT and reverse 5′-GCTTCTTT-CCCACCACTTTG; and b-actin forward 5′-CTTCTTGGGTATG-GAATCC and reverse 5′-GCTCAGGAGGAGCGGTGAT. PCR was performed in 96-well optical reaction plates with an ABI PRISM 7500 Sequence Detection System (Applied Biosystems). Cycling parameters were 2 min at 50°C, 10 min at 95°C, and 40 cycles of 15 s at 95°C and 1 min at 60°C. After PCR, a dissociation curve was constructed by increasing temperature from 65°C to 95°C for detection of PCR product specificity. A cycle threshold (Ct) value was recorded for each sample. PCR reactions were set up in triplicates and the mean of the three Cts was calculated. For each strain, the expression of the Timp3 gene was normalized to the expression of b-actin. A comparative Ct (DDCt) was applied to the raw Ct values to find a relative gene expression between strains.
RESULTS
Similarity of the NZB and NZW genomes
Strains NZB and NZW belong to the New Zealand family of mice, and their genomes were expected to have regions that are IBD as defined by the haplotype block structure inferred from the SNPs. Using a total of 7,870,134 SNPs between strains NZB and NZW, we found that 4,976,141 SNPs were in the same haplotype. Thus, 63.2% of the genome was IBD between strains NZB and NZW. The degree of IBD by chromosome ranged from 51.4% for Chr 11 to 76.6% for Chr 19 ( Table 1) .
Plasma TG, FFA, and glucose profiles of NZB, NZW, and their F 1 progeny Plasma TG, FFA, and glucose concentrations for the parental and NZB 3 NZW F 1 mice are summarized in Table 2 . TG concentrations were 28.7% and 22.2% (P , 0.01) higher in female NZW animals as compared with female NZB mice fed chow and atherogenic diets, respectively, but similar in males of both strains on both diets. FFA concentrations were 19.1% and 25.7% (P , 0.05) higher in male NZW than in NZB animals on chow and atherogenic diet, respectively, but were similar in female NZW and NZB mice on both diets. Glucose levels were significantly higher (P , 0.01) in NZW as compared with sex-and diet-matched NZB mice. TG levels were significantly higher in F 1 mice compared with both parental strains (P , 0.01). FFA levels in F 1 female mice were comparable to the higher levels observed in NZW mice, but the difference from NZB was significant only in males. Glucose levels in F 1 mice were somewhat lower than either parent; the difference was significant only when F 1 mice were compared with NZW mice. In summary, NZW mice had significantly higher levels of TG (females), FFA (males), and glucose (both sexes) compared with NZB mice.
Identification of main-effect QTL in the F 2 population
To identify QTL influencing plasma TG, FFA, and glucose, we performed single-locus genome scans on 264 F 2 progeny from the NZB 3 NZW intercross. These scans in- 
CI, confidence interval; LOD, logarithm of the odds ratio; QTL, quantitative trait loci. a The QTL were named if they were significant or if they were suggestive but confirmed QTL that were found previously. The nomenclature of Bglu and Tgq for blood glucose QTL and triglyceride QTL is adopted from previous QTL for these traits (8, 9) . Ffaq is used for FFA QTL.
b Interacting QTL are selected from pairwise gene interaction search. c LOD score values were obtained from single QTL analysis. The suggestive and significant LOD score thresholds were determined by 1,000 permutation tests for each trait, the significant LOD scores were bolded. With sex as additive covariate, the suggestive/significant LODs are 1.9/2.8 for TG, 1.9/2.8 for FFA, and 1.9/2.9 for glucose. With sex as interactive covariate, the suggestive and significant LODs are 2.9/3.7 for TG, 2.9/3.8 for FFA, and 2.3/3.3 for glucose.
d The LOD difference between sex as additive and interactive models is .2, indicating that the QTL differs between the sexes. e The sex is given if it is sex-specific QTL, M for male, F for female. For Bglu8, NZW is high allele in females while NZB is high in males. cluded sex as an additive covariate to account for overall average differences between the sexes (Fig. 1A, C, E) , and sex as interactive covariate to identify sex-specific QTL (Fig. 1B, D, F) . The difference in LOD (DLOD) between the scans with sex as an additive or interactive covariate constitutes a test for QTL-by-sex interaction, and a DLOD of 2 or greater, as shown by the dotted line in Fig. 1B , D, F, represents a significant difference in QTL between the sexes. Details of the QTL including peak marker locus, LOD score, 95% confidence interval, allele conferring the higher value, and significance as determined by 1,000 permutation tests are summarized in Table 3 . For TG, we identified three significant loci on Chr 7 at 101 Mb, Chr 8 at 21 Mb, and Chr 18 at 68 Mb, as well as one suggestive QTL on Chr 4; the chromosomal LOD plots are shown in Fig. 2A-D , and the allele effects are shown in Fig. 3A-D . All QTL for TG levels affect both sexes. For FFA, we identified one male-specific significant locus on Chr 4 at Mb 43 ( Figs. 2A, 3E ) and one suggestive QTL on Chr 16 at 6 Mb (Table 3) . For glucose levels, we found significant loci on Chr 2, 4, 10, 15, 17, and 18 ( Fig. 2A, E-I) , as well as one suggestive locus on Chr 7. The QTL on Chr 2 was complex. We found evidence for two loci at Mb 72 and 145, but there might be others as well. Several QTL for glucose had sex-specific effects; the loci on Chr 2 at 145 Mb (Fig. 3G) , Chr 4 at 32 Mb (Fig. 3H) , Chr 10 at 87 Mb (Fig. 3I) , and Chr 18 at 33 Mb (Fig. 3L) affected only males. The loci on the top of Chr 2 and Chr 17 affected glucose concentrations in both sexes, but the effect was stronger in males than in females (Fig. 3F, K) , and the locus on Chr 15 at 29 Mb was higher in males in homozygous NZB mice, but higher in females in homozygous NZW mice (Fig. 3J) .
QTL for TG, FFA, and glucose on proximal Chr 4
The LOD score plot for Chr 4 showed that the QTL for TG and FFA coincided well with double peaks at 43 Mb and 92 Mb, suggesting that these traits were determined by the same QTL genes. The QTL for glucose had only QTL genes for TG, FFA, and glucose 1505 by guest, on September 7, 2017 www.jlr.org Downloaded from a single peak, which was at 32 Mb, near but not coincident with the peaks for the other two traits (Fig. 2A) . For FFA and glucose, the QTL had significant LOD scores of 5.4 and 3.6, respectively, but for TG, this locus had only a suggestive LOD score of 3.2 ( Table 3 ). The NZW allele at this locus behaved in a recessive manner to cause increased TG and FFA (Fig. 3A, E ) and decreased glucose (Fig. 3G) . Among individual F 2 male mice, FFA levels were strongly correlated with higher plasma TG concentrations (R 5 0.67; P 5 1 3 10
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) but weakly correlated with lower glucose concentrations (R 5 0.19; P 5 0.04).
Epistasis and interacting QTL
We also carried out pairwise genome scans to find interacting QTL using sex as an additive covariate. For TG, we found a significant interaction between two Chr 10 loci at 48 Mb and 107 Mb. The locus at 107 Mb did not affect TG concentrations by itself, but when combined with homozygous NZB allele at the locus at 48 Mb, TG increased by 45 mg/dl (Fig. 4A) . For plasma FFA concentrations, a Chr 2 locus at 69 Mb interacted with a Chr 15 locus at 10 Mb. When both loci were homozygous NZB, FFA increased (Fig. 4B) . For plasma glucose concentration, the pairwise genome scan revealed two significant interactions. The main scan QTL on Chr 2 (145 Mb) interacted with Chr 4 in a sex-specific fashion. When the Chr 2 locus was homozygous NZW, NZW alleles at Chr 4 had little effect on glucose levels in female mice (Fig. 4C ), but decreased glucose in male animals (Fig. 4D) . A second significant interaction was found between loci on Chr 8 and 17. The locus on Chr 8 did not affect glucose concentrations by itself, but its combined effect with the main scan QTL a Human homologous region of the mouse QTLs were retrieved from the Genome Orthology Map at http://www.informatics.jax.org/reports/ homologymap/mouse_humans.html.
b The strains that contribute the high allele are in boldface. For the NON 3 NZO cross, we obtained the high allele from Dr. Ed Leiter. on Chr 17 on glucose concentrations was dramatic (Fig. 4E) . When mice were homozygous NZB at both loci, glucose was 200 mg/dl; when mice were homozygous NZW allele at both loci, glucose decreased to 140 mg/dl.
Regression analysis
To evaluate the relative contributions of each QTL when considered together, we combined all significant, suggestive, and interacting QTL in a multiple regression model, eliminating terms that did not meet the 0.01 significance level based on the multiple regression F test ( Table 4) . The results showed that we could account for 31% of the variation for TG, 21% for FFA, and 31% for glucose.
QTL were narrowed using bioinformatics tools
Four of the mouse QTL for TG (Chr 4, 7, 8, 18) were homologous to human QTL for TG (7); likewise, all eight QTL for glucose were homologous to human QTL for glucose ( Table 5) . Six of the glucose QTL, all except Chr 4 and 7, have been identified in other mouse crosses (Table 5). These factors of homologous human QTL and coincident QTL in other crosses, combined with the high similarity of the NZW and NZB genomes, facilitate the narrowing of the QTL regions using bioinformatics (14) . Such narrowing is based on the assumption that the same gene causes colocalizing QTL in different crosses as well as homologous mouse and human QTL. We narrowed the Chr 4 QTL for TG and FFA, and all other significant mouse QTL for TG and glucose regions by first reducing the QTL to that portion homologous to the human QTL (Fig. 5B) , a step that narrowed the QTL by a minimum of 31% for Chr 15 to a maximum of 86% for Chr 10. We then further reduced the QTL by using SNPs of all the strains that were parents of the QTL crosses and finding those regions where the strains carrying the allele that increased the trait were identical but differed from the strains carrying the allele that decreased the trait. Because of the high similarity of NZB and NZW, this step was particularly effective and caused further reduction of 85% for Chr 2, 84% for Chr 4, and greater than 90% for the remainder (Fig. 5C ). The bioinformatics step reduced the positional candidate genes on Chr 10 locus for glucose to only 1, to only 2 for FFA on Chr 16, and to 8-40 genes for the remainder. (For the lists of candidate genes remaining, see  supplementary Tables II, III.) QTL candidate genes Using the lists of candidate genes, we evaluated each by a literature search for gene function and SNPs that changed coding region polymorphisms; on the basis of these criteria, some strong candidate genes emerged.
For TG, the locus on Chr 4 was narrowed to 26 genes ( Fig. 5 ; see supplementary Table II) , and the strongest candidate gene was Gba2, encoding glucosidase b 2 ( Table 6 ). Several lines of evidence supported the candidacy of this gene; it is located at 43.5 Mb and the QTL peak is 43 Mb, the haplotype of NZB and NZW differ, and Gba2 knock-out mice have decreased TG compared with the wild-type animals (15) . We sequenced Gba2 in strains NZB and NZW and found a coding region polymorphism that changed the amino acid at position 385 from Ile (NZB) to Val (NZW). This amino acid variant is in a conserved region. Although there are 38 remaining genes in the Chr 8 interval, a potential candidate was Irs2, encoding insulin receptor substrate 2. Plasma TG levels in Irs2 knock-out mice are lower than those of wild-type animals (16) . The locus on Chr 18 colocalized with a QTL previously identified in a (B6 3 129) F 2 intercross (17), and haplotyping reduced the region to 12 genes (Fig. 5) . We suggest the candidate gene Ppargc1b (61.4 Mb) encoding peroxisome proliferator-activated receptor g coactivator 1 b. We sequenced this gene in strains NZB and NZW, and found three amino acid variants: Gly767Asp, Cys487Gly, and Ala146Ser (NZB,NZW) ( Table 6 ). Ppargc1b is involved in the regulation of fatty acid oxidation and gluconeogenesis (18) , and serum TG and FFA levels are significantly reduced in Ppargc1b knock-out mice (19) .
For FFA, we reduced the locus on Chr 16 to 2 Mb using the haplotype between the strains NZB and NZW (Fig. 5) . Only two genes, LOC665158 (5.68 Mb) and A2bp1 (5.69-7.32 Mb), are located within this region. The LOC665158 is uncharacterized, but A2bp1 encodes ataxin-2 binding protein-1. Ataxin-2 is a protein of unknown function, but its deficiency leads to adult-onset obesity (20) .
For glucose, we reduced the Chr 2 proximal locus Bglu4 to 15 genes (see supplementary Table III) . We suggest the candidate gene G6pc2 (69.0 Mb), encoding glucose-6-phosphatase catalytic 2, which is an islet-specific glucose-6-phosphatase (21) . G6pc2 knock-out mice have significantly decreased blood glucose levels in both sexes, and female mice also exhibit decreased plasma triacylglycerol (22) . The Bglu7 on Chr 10 was reduced to only gene Timp3, located at 85.7 Mb (Fig. 5, Table 6 ), which encodes tissue inhibitor of metalloproteinase 3 (TIMP3). We sequenced the entire coding region of Timp3 in strains NZB and NZW and found one synonymous (C in NZW to T in NZB, Cys12Cys) and one 3′ untranslated region (T in NZW to G in NZB) polymorphisms. We quantified the Timp3 expression using real-time PCR with mRNA extracted from male NZB and NZW livers and normalizing Timp3 expression levels to those of b-actin (Actb). The mRNA expression levels of Timp3 were significantly lower in NZW mice compared with those in NZB mice (P , 0.01) (Fig. 6) . Insulin receptor-haploinsufficient mice that also are TIMP3 deficient have increased blood glucose levels and vascular inflammation due to increased tumor necrosis factor-a (23).
DISCUSSION
The genome-wide scans of NZB 3 NZW F 2 mice resulted in the localization of several novel QTL, particularly for TG and FFA levels. We also found two novel QTL for glucose and confirmed six previously identified QTL. Studies of multiple mouse strains (24) have shown that sex exerts a profound effect on the plasma lipids and glucose levels, and previous QTL analysis indicated that many QTL were sex specific, suggesting that it is important to differentiate between two sexes in QTL analysis. Analyzing the entire population with and without a sex-by-QTL interaction is a powerful approach, because analyzing males and females separately might result in failure to detect QTL effects due to decreased statistical power (12) . In this study, most of the QTL for glucose had sex-specific effects. Sex also contributed significantly to the multi-locus model, accounting for 6% of the TG variance, 5.6% of the FFA variance, and 9.6% of the glucose variance.
The ultimate goal of QTL mapping is to identify the underlying genes. However, the confidence intervals of the QTL identified from intercrosses are often quite large. Until QTL are narrowed, identifying the underlying genes by positional cloning is challenging. Although several classic breeding strategies can be used to resolve QTL (25) , such as congenic lines, advanced intercross lines, and recombinant inbred segregation test, their usefulness is limited by the available resources, such as time, animal space, and money. Bioinformatics tools are an efficient and economical approach for narrowing QTL and prioritizing candidate genes (14) , which has been made possible by publicly accessible sequence, genotype, and expression databases. These tools, including comparative genomics and haplotype analysis, allow stepwise narrowing of a QTL interval, prioritizing candidate genes for further analysis with the potential of identifying the most probable candidate gene. Most loci for TG and glucose identified in this study have been found in human homologous genomic locations. Because rodent and human QTL for the same trait often map to homologous genomic locations, comparison of these homology maps may reduce the QTL size in both species if one assumes that homologous QTL are caused by the same gene in both species. To date, there are many examples of correspondence between alleles in particular genes and phenotypes in mouse and human. For instance, Apoa5, a member of the apolipoprotein gene family, is newly identified as a gene that affects plasma TG levels in both human and mouse by comparative gene sequences (26, 27) . However, the pitfall of comparative genomics would be homologous QTL caused by different genes in human and mouse. Because closely linked QTL are often found, there may be circumstance in which two genes controlling a trait are located on the same chromosome but one gene is polymorphic in mouse and the other gene is polymorphic in human. In such a case, we would fail to find the QTL genes by assuming the same gene caused the QTL in both species.
Because most genetic variation among inbred mouse strains is ancestral, it is possible to reduce the QTL regions by eliminating those regions that are IBD between the two strains as inferred by a shared SNP pattern. This was particularly effective for the related strains NZW and NZB because they shared 63.2% of their genomes. However, using the genomic similarity between NZB and NZW to reduce the QTL region also has a pitfall. If the mutation causing the QTL arose since these strains were separated, it could have occurred in a region that was not polymorphic in other genes, and those regions may have been eliminated. This pitfall is unlikely for QTL found in other crosses as well; for those, the mutation is ancestral.
In addition to the genes with direct evidence as QTL genes either from knock-out mice or reduction of the QTL region to only one or two genes by bioinformatics, we also suggest some other candidates based on known function. For the Chr 7 TG locus, the likely candidate gene is Thrsp, encoding the thyroid hormone-responsive SPOT14 homolog. This gene is located at 97.2 Mb, near the QTL peak at 101 Mb, and the SPOT 14 protein is involved in de novo lipogenesis (28) . For glucose, the Chr 2 distal locus, Bglu5, was reduced to 40 genes (see supplementary  Table III) ; the potential candidate gene is Ggtl3, encoding g-glutamyltransferase (GGT)-like 3. Population-based epidemiological studies have prospectively demonstrated that baseline g-GGT activity predicts development of type 2 diabetes (29) . The Bglu6 on Chr 4 was reduced to 16 genes, two of which, Il11ra1 and Il11ra2, encode interleukin 11 receptor-a chains. Interleukin 11 inhibits NF-kB and AP-1 activation in islets and prevents type I diabetes in NOD mice (30, 31) . The Bglu8 on Chr 15 was reduced to 12 genes; one of the promising candidates is Adcy8, encoding adenylate cyclase 8. This protein has been identified in insulin-secreting cells as one potential molecular target for synergism between glucose-dependent insulinotropic peptide receptor-mediated and glucose-mediated signaling (32) . The Bglu10 on Chr 18 was reduced to 8 genes; the potential candidate gene is Ppp2r2b, encoding protein phosphatase 2 (PP2A)-regulatory subunit B b isoform. Emerging evidence implicates PP2A in insulin secretion and the dephosphorylation and inactivation of specific b cell phosphoprotein substrates (33) .
In summary, we identified the QTL for TG, FFA, and glucose by intercrossing the related strains NZB and NZW. Furthermore, we narrowed the QTL by bioinformatics and suggest some strong candidate genes. These genes need to be tested further to determine whether they are indeed the QTL-causing genes; however, we present three lines of evidence to demonstrate that Timp3 is a QTL gene.
